The seasonal patterns of two primary plasma androgens, testosterone (T) and dehydroepiandrosterone (DHEA), were assessed in adult male alligators from the Merritt Island National Wildlife Refuge, a unique barrier island environment and home to the Kennedy Space Center in Florida. Samples were collected monthly from 2008 to 2009, with additional samples collected at more random intervals in 2007 and 2010. Plasma T concentrations peaked in April, coincident with breeding and courtship, and declined rapidly throughout the summer. Seasonal plasma T patterns in smaller though reproductively active adult males differed from those in their larger counterparts during the breeding season. Both size classes showed significant increases in plasma T concentration from February to March, at the beginning of the breeding season. However, smaller adults did not experience the peak in plasma T concentrations in April that were observed in larger adults, and their concentrations were significantly lower than those of larger males for the remainder of the breeding season. Plasma DHEA concentrations peaked in May and were significantly reduced by June. This is the first study to demonstrate the presence of DHEA in a crocodilian, and the high plasma DHEA concentrations that paralleled the animals' reproductive activity suggest a reproductive and/or behavioral role in adult male alligators. Similar to androgen variations in some birds, plasma DHEA concentrations in the alligators were considerably higher than T concentrations during the nonbreeding season, suggesting a potential role in maintaining nonbreeding seasonal aggression.
INTRODUCTION
In response to a rapid decline in alligator populations in the 1960s, increased research efforts were established that have substantially increased our knowledge of the reproductive biology of alligator populations [1] [2] [3] [4] . Despite these advances, a great deal of basic information is incomplete or lacking. For example, very little is known about the geographical variation in the reproductive endocrinology of adult alligators, especially of alligator populations residing in barrier island environments. While it is common for alligators to inhabit freshwater ecosystems, less common are alligator populations that move freely among fresh water, brackish water, and saltwater locations to feed.
While adult female alligator populations have been studied more extensively [1, 5] , our understanding of male seasonal patterns is relatively incomplete, with limited data available during winter months and no data for the yearly variation in androgen concentrations that occur in adult males [6] . This is due in part to difficulties in capturing adults in winter when they are more likely to be in underground dens, but these data are necessary to fully understand hormonal triggers and seasonal reproductive profiles.
Following a period of relative inactivity in late fall and winter, adult male activity increases with rising temperatures in March, as likely do agonistic interactions and territory defenses [7] . Courtship and breeding take place in April and May [1] , which coincides with peak testes mass and peak testosterone (T) concentrations [6] . Testes mass declines rapidly in June and is completely regressed in July, which parallels a drop in plasma T concentration. Males become sexually mature at a total length (TL) of approximately 1.8 m, but because size favors social order, males are rarely afforded breeding opportunities before reaching a TL of 2.7 m [2] .
Testosterone is arguably the most well-studied androgen for most species, including crocodilians, as it plays critical roles in the endocrine regulation of gametogenesis and reproduction, as well as in the maintenance of secondary sex characteristics [8] [9] [10] [11] [12] [13] . In many vertebrates, changes in circulating T concentrations underlie courtship as well as territorial behavior that is heightened during the breeding season [14] [15] [16] . For many species, territorial behavior and agonistic interactions with conspecific species is also necessary outside of the breeding season to secure access to resources and maintain social status [7, 17] .
Dehydroepiandrosterone (DHEA) has been linked to nonbreeding aggression and territoriality behavior in several birds and at least one mammal [18] [19] [20] . In addition, DHEA has been shown to stimulate immune function and to have antiinflammatory effects [21] . Until relatively recently, apart from its role as an intermediate in steroidogenesis, the precise physiological roles of DHEA have remained elusive, due in large part to an apparent lack of a fully characterized and specific nuclear receptor [22] . While it appears that DHEA can bind to a T-cell receptor, it is easily displaced, and it appears likely that DHEA mediates its effects through its interactions with a variety of receptors and other signaling mechanisms rather than by interacting with a specific receptor [23] . In addition, because DHEA is an intermediate in steroidogenesis, its effects could also be mediated through biotransformation and the generation of other steroids [21, 24] . Although DHEA is a steroid hormone precursor often requiring local conversion to other steroid hormones to effectuate a tissue response, DHEA production could be a mechanism that affects only those tissues that express the appropriate enzymes, imparting greater steroidal specificity [21] .
Although unconfirmed in alligators, DHEA has been shown to be produced in the brain, gonads, and/or adrenals in several vertebrate models [25, 26] . DHEA is produced and likely participates in the regulation of reproduction in many taxa ranging from vertebrates to mollusks [27] and is found at very high concentrations in certain species such as humans and turtles [15, 28] . Plasma DHEA concentrations show seasonal cyclicity and can show peaks during both breeding and nonbreeding seasons, and concentrations can vary from year to year in some mammals [19] . These variations could be due to temperature, density, and other stress-related factors.
Despite DHEA's dominant role in behavioral aggression and immune function, it has not yet been assessed in crocodilians. The goal of this study was to provide basic knowledge of seasonal hormone profiles of two major plasma androgens, T and DHEA, in adult male alligators from the Merritt Island National Wildlife Refuge (MI), a barrier island on the east coast of Florida and home to the Kennedy Space Center. This location provides an opportunity to study a population of adult alligators from an exceptionally unique environment, as this population has not been hunted and has been fully protected for decades. Results of this study enhance our understanding of the endocrinology that underlies the reproductive cycle of adult male alligators and determines whether alligators from this geographic region display the universal patterns seen in other regions, or whether their distinctive environment confers unique seasonal androgen patterns not seen in other adult male alligator populations.
MATERIALS AND METHODS

Animals and Sampling
Adult male alligators (Alligator mississippiensis) were captured from MI under Institutional Animal Care and Use Committee (IACUC), state, and federal permits. Alligators were collected monthly in 2008 and 2009, with additional animals taken at more random intervals in 2006, 2007, and 2010. Sex was determined (using the presence of a penis), and blood samples (35 ml) were collected from the postcranial supravertebral sinus, generally within 10 min (no more than 20 min) of capture, and placed in lithium heparin Vacutainer (BD, Franklin, NJ) tubes. Blood was kept on ice until centrifuged at 2000 rpm for 15 min, and plasma was stored at À208C until assayed. Body measurements (TL, snout vent length [SVL] , and tail girth [TG] ) were recorded to the nearest centimeter. A numbered monel tag was placed in the webbing of the right hind foot of each animal to identify recaptured animals. A low-frequency passive internal transponder tag was also injected into the dorsal side of the animal behind the skull, with 100% retention for verification of recaptures.
Radioimmunoassays
Plasma samples were thawed on ice, extracted twice with diethyl ether, dried under filtered low-humidity air, and reconstituted in assay buffer (phosphate-buffered saline with 0.1% gelatin, 0.1 M, pH 7.0). A pool of serially diluted alligator plasma was used to ensure parallelism with the standard curve for each hormone. All standards and samples were run in duplicate, and unknown hormone concentrations were calculated from standard curves plotted as the percentage of bound versus log 10 concentration. A solid-phase radioimmunoassay using a 96-well plate (protein A Flash Plate Plus; Perkin Elmer, Boston, MA) format was used for determining T and DHEA concentrations. Antibodies specific to each hormone (Fitzgerald Industries, Concord, MA) were diluted in assay buffer, and plates were coated with 100 ll of diluted antibody per well. Plates for T and DHEA were then incubated for 2 h and 18 h, respectively, at room temperature, and rinsed twice with assay buffer. Each well then received 100 ll of standard, control, or sample in assay buffer. Finally, 3 H-labeled steroid (Amersham Biosciences, Piscataway, NJ) was added at 12 000 cpm per 100 ll, and plates were incubated for 3 h at room temperature. Interassay variance samples were similarly prepared from a 5-animal pool of adult male alligator plasma samples. No separation of bound and free hormone is necessary with this assay, as only the bound radiolabeled steroid is capable of exciting the scintillate coating the bottom of the well. Plates were analyzed using a Microbeta 1450 Trilux counter (Perkin Elmer) in the 3 H channel with an estimated counting efficiency of 60%. Interassay variances for T and DHEA averaged 8.7% and 9.8%, respectively.
Statistical Analyses
Differences in hormone concentrations among months were tested using one-way ANOVA (Statview software, version 5.0.1; SAS institute Inc.) and, where significant variation (P , 0.05) existed, a Fisher protected least significant difference test was performed. Data were tested for homogeneity of variance (using the Scheffé F-test) prior to statistical analyses; nonhomogenous data sets were log transformed to achieve homogeneity prior to ANOVA analyses. All figures show untransformed values, and averages are given as means 6 SEM.
RESULTS
Sampling, Morphometric, and Environmental Data
Plasma samples from a total of 407 adult male alligators from MI ( Fig. 1) were evaluated for hormone concentrations, and although alligators with an SVL as small as 37 cm were included in the morphometric regressions shown in Supplemental Figures S1 and S2 (available online at www.biolreprod. org), only alligators with an SVL .100 cm ('198.5-cm TL) were classified as adults and included in any hormone analyses. Monthly averages for temperature (8C), rainfall (cm), and day length (hours) for 2008 and 2009 are presented in Supplemental Figure S3 . There were no significant differences among sizes of animals captured for any given month.
Testosterone
Plasma T concentrations in adult male alligators from MI began to rise in May, at the beginning of the reproductive season, which was followed by a peak in April (33.0 6 3.3 ng/ ml) and then a steady decline that reached a nadir in July (1.6 6 0.6 ng/ml) (Fig. 2) . Although there was a slight increase in December concentrations relative to those in July, plasma T concentrations remained relatively low throughout the winter months.
When data were segregated into two size classes (SVL from 100-135 cm and .135 cm), two patterns emerged (Fig. 3) . While plasma T concentrations in larger adults paralleled patterns observed when all animals were combined, plasma T concentrations in smaller adults began to rise in March but did not peak in April as expected and remained significantly lower than those of the larger males until June, when concentrations were again similar. Plasma T concentrations remained the same for both size classes throughout the winter months. When size classes were combined and data for two consecutive years (2008 and 2009) were examined, there were no differences in seasonal patterns of plasma T concentrations between the two years (Fig. 4) .
DHEA
Plasma DHEA concentrations peaked in May (52.9 6 4.4 ng/ml) and then declined in June, where they remained relatively stable throughout the remaining months except for a notable drop from August to September (Fig. 2) . Plasma DHEA concentrations were considerably higher than plasma T Months with different superscripts were significantly different (P , 0.05) within each hormone group. *No significant differences were found between the two hormones for the given month; n, numbers of sampled animals used in the analyses.
FIG. 3. Monthly variations in mean (61 SEM) T concentrations of two
size classes of adult male alligators (100-135-cm SVL and .135-cm SVL) from MI are shown. *Significant differences were found between the two size classes for the given month. **Months with the same superscript were not significantly different (P ! 0.05) within each size class; n, numbers of sampled animals used in the analyses. (Fig. 6 ).
DISCUSSION
Seasonal variations in androgen concentrations are the hallmark of sexually mature adult males in many vertebrate species, including crocodilians [29] [30] [31] [32] [33] [34] [35] [36] . As expected, the reproductive cycle of adult male alligators from MI was reflected in its seasonal pattern of plasma androgen concentrations, which peaked in the spring coincident with courtship, breeding, and, presumably, heightened agonistic interactions (Fig. 5) .
While seasonal cyclicity of plasma T concentrations in MI alligators paralleled patterns reported in alligator populations from other geographic regions [6] , patterns in this study showed several unique features. Peak plasma T concentrations of southern Louisiana alligator populations, which also have access to brackish and saltwater environments, are reported to reach 50 ng/ml or more [6] , while peak plasma T concentrations in this study were considerably lower, at 35-40 ng/ml. There are several explanations that could account for this difference.
First, MI is a barrier island environment, and studies that track gut content show it is common for alligators to enter brackish and saltwater locales to feed (Lowers and Nifong, unpublished results). It is unclear whether Louisiana alligator populations feed in saline environments to the same extent as MI animals. Studies of gut content in adult alligators in coastal Louisiana show that mammals make up a considerably greater part of the alligator's diet than the marine prey (e.g., horseshoe crabs [Limulus polyphemus]) often seen in alligators at MI, indicating dietary differences between the populations are likely [37, 38] . Diet has been shown to alter circulating androgens in other species, including lizards [39, 40] .
Second, MI is home to the Kennedy Space Center, and launching of the space shuttle and other activities have led to concerns about elevated environmental concentrations of heavy metals, such as aluminum, and other chemicals, including polybrominated diphenyl ethers (PBDEs) used in flame retardants (Guillette and Lowers, unpublished results). Aluminum has been shown to alter testosterone concentrations in male mice through its conversion to nitric oxide [41] , and emerging evidence indicates that PBDE congeners can significantly reduce testosterone concentrations in adult male rats [42] . Given that steroidogenic pathways are highly conserved among vertebrates, it is possible that similar dysfunctions could occur in crocodilians exposed to a similar suite of contaminants.
Finally, analytical methods have improved considerably over the years. In particular, antibodies used in radioimmunoassays to assess hormone concentrations have increased in specificity. Antibodies with lower specificity are more promiscuous and bind to other closely related steroids. This increased cross-reactivity results in a perception of greater 
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concentrations, because more than one hormone is included in the assay. That the peak plasma T concentrations in previous studies were in range with those of DHEA in this study supports this possibility.
In studies of seasonal reproductive patterns of sex steroids, whether in alligators or other vertebrate species, data are expectedly segregated into juvenile versus adult populations. Because gonadal assessments are invasive and challenging, adult alligators are generally defined by size, and an SVL of 100 cm ('200-cm TL) is considered the lower limit of reproductively mature adult male status [2, 31] . Although it is closely correlated with TL (Supplemental Fig. S1 ), SVL is used as a measure of length in this study because it is more reliable than TL measurements, which are subject to variations due to damage to the tip of the tail.
While males above 100-cm SVL are considered reproductively mature, it has been noted that smaller adult males are rarely given the opportunity to breed [2] . This study shows that adult males of less than 135-cm SVL ('260-cm TL) have a seasonal T pattern that is unique compared to that of males larger than 135 cm in SVL (Fig. 3) . While both size groups experienced significant increases in plasma T concentrations from February to March, which demarcates the beginning of the spring breeding season, plasma T concentrations continued to increase and were dramatically higher in April in larger males, while plasma T concentrations in smaller adults declined rapidly and were significantly lower than those in larger males in April and May, during the height of the breeding season. The consequences of reduced plasma T concentrations for reproductive success in smaller adult males are unclear. While elevated plasma T concentrations generally coincide with peak testes mass in adult male alligators, it is not known whether the plasma T concentrations seen in smaller adults in this study are low enough to alter spermatogenesis or copulatory behavior.
Because males with SVL of 100-135 cm are considered reproductively capable but are rarely successful breeders, it is possible the reduced plasma T concentrations are due to agonistic interactions with larger rival males. Stress has been shown to reduce sex steroid concentrations in a variety of vertebrates, including crocodilians [43] . It is also unclear if the perception of a larger rival male can itself induce reductions in plasma T concentrations in subordinate males. Lowered T production in subordinate males with limited opportunity to breed could prove beneficial, because although T is a powerful androgen that triggers both the physiological mechanisms and the behavioral responses needed for successful reproduction, maintaining elevated concentrations of T is not without significant consequence. Elevated T has been shown to significantly suppress immune function and even growth in many vertebrate species [44, 45] . Conversely, DHEA has been shown to have immunostimulatory, antioxidant, antiinflammatory, antiglucocorticoid, and neuroprotective effects [21, 28, 46] . This is the first study to demonstrate the presence of DHEA in a crocodilian, and seasonal changes in DHEA concentrations that parallel reproductive activity suggest a reproductive and/or behavioral role in adult male alligators (Fig. 2) . Plasma concentrations of DHEA in this study are among the highest levels of sex steroids reported in alligators to date, a further indicator that DHEA could play an important physiological role.
DHEA has been shown to maintain the animal's aggression outside of the breeding season in birds, another closely related archosaur [17] . While defending access to a breeding female is obligatorily agonistic, maintaining access to food and other resources necessitates aggression outside of the breeding season. Similar to its role in birds, DHEA production could serve to maintain the aggression needed to secure these resources throughout the year.
Plasma DHEA concentrations in this study peaked in May, which lagged behind a prolonged period of elevated plasma T concentration. Because elevated T has been shown to be an immunosuppressant, elevated DHEA, whose immunostimulatory effects counter those of T, could possibly serve to ''rescue'' adult males from the negative effects of elevated plasma T concentrations. In addition, while alligator serum has shown antibacterial and amoebicidal effects, this activity is significantly reduced at temperatures below 158C, suggesting alligators could be immunocompromised in winter months [47, 48] . High circulating concentrations of DHEA in winter months could therefore help to support vulnerable immune function. Clearly, more work is necessary to determine the precise roles of DHEA in alligator physiology and reproductive function.
In contrast to T concentrations, plasma DHEA concentrations were similar for larger (.135-cm SVL) versus smaller (100-135-cm SVL) adults during the breeding season but were higher in the larger size class in the late summer and fall (Fig.  5) . It is possible DHEA plays a differential role in larger versus smaller adults, and, as this difference manifests during a period of gonadal quiescence, it is possible DHEA could be playing a role in either modulating behavior and/or in setting the stage for the reproductive and endocrinological events that will occur in the forthcoming months.
While patterns across consecutive years in plasma T concentrations were similar, DHEA showed more variability from year to year, with significant differences between some winter months (Fig. 6) . In reptiles and fish, seasonal fluctuations in temperature, rainfall, and photoperiod are important environmental factors in the control of reproduction and are capable of altering endocrine function [49] [50] [51] . In some reptiles, temperature has been shown to be particularly important in the regulation of androgen biosynthesis [12] . Monthly variations in temperature and photoperiod between years were moderate in this study and do not appear to account for the winter month variation in plasma concentrations of DHEA. Although rainfall was decidedly variable from 2008 to 2009 (the greatest variation occurred in late spring and summer), it also cannot account for DHEA's yearly variation during certain winter months. It is unclear what mechanisms are responsible for the regulation of DHEA, and more work is necessary to understand both environmental cues and their possible roles in coordinating reproductive events.
